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CHAPTER 1 BATTERY BACKGROUND AND RESEARCH MOTIVATION:
MODERN PORTABLE ENERGY STORAGE DEVICES
1.1

Battery overview

Battery is a kind of energy storage device which can convert its internal storage of
chemical energy into electric energy for the use of various power devices. Due to its
portability, battery is widely used in various electrical devices, such as video cameras,
mobile phones, flashlights and so on. Batteries can be assembled by circuits to form battery
modules, which can then be assembled to form battery packs. Such a battery pack[2], with
its high voltage, current and capacity. As a result, it can provide efficient energy for larger
appliances and it can be used in electric cars to provide power. Chemical battery refers
to the conversion of the chemical energy of positive and negative active substances into
electrical energy through redox reactions. With the development of modern electronic
technology, the high requirement of chemical battery is put forward. Every breakthrough
in chemical battery technology has led to the revolutionary development of electronic
devices. Many electrochemical scientists around the world are interested in the chemical
batteries that power electric cars.

1.2

Brief introduction of battery development history

As early as in 1800, Italian physicist Alessandro Volta constructed the first electrochemical cell, the voltaic cell[3]. This is a stack of copper and zinc plates, separated by paper
plates that have been soaked in salt water and can produce a steady current for quite
a long time. Early batteries were of great value in experiments but could not provide a
sustained high current due to voltage instability. Then, in 1836, a British chemist named
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John Frederick Daniel made a breakthrough with the Daniel battery. It consisted of filling
a CuSO4 solution into a copper kettle and dipping it into an unglazed ceramic vessel filled
with Sulfuric acid and a zinc electrode, the first practical source of electricity. Because
early batteries were liquid, they could leak out if they were not handled properly. And
because the glass container is used as a container, the battery is very fragile. These characteristics made early batteries less portable. By the end of the 19th century, the invention of
dry batteries promoted the development of portable electronic devices. liquid electrolytes
were replaced by paste. In 1859, the French physicist Gaston Plante invented the lead-acid
battery. Lead-acid batteries were the first rechargeable batteries. Early lead-acid batteries
consisted of pure lead, separated by linen fabric, impregnated in glass bottles containing
sulfuric acid solution[4]. In 1899, Waldemar Jungner of Sweden invented the first Ni-Cd
battery, which was chemically and physically stronger than the lead-acid battery that had
come before it. He then modified the prototype to make the battery more energy-dense
and significantly better than lead-acid batteries. Work on nickel-metal hydride batteries
began in 1967 at the Bartle-Geneva Research Centre. It is based on sintered Ti2 Ni+TiNi+
X alloy and NiOOH electricity. The battery has a specific energy of 50W·h/kg (180kJ/kg),
a specific power of 1000W/kg, and a life of 500 charge cycles (100% discharge depth).
In the late 19th century, with the upsurge of energy resources research, a variety of new
energy batteries gradually flooded into people’s vision, such as zinc silver battery, lithium
battery, lithium-ion battery, solar cell and so on.
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1.3
1.3.1

Advantages and disadvantages of several types of batteries
Lead-acid batteries

As a rechargeable battery, lead-acid battery has been developed since the 19th century
and has a very mature technology[5][6][7]. Because lead-acid batteries are cheap to
produce and easy to be used, they are suitable for many battery energy applications. Leadacid batteries provide high current and high capacity and are widely used in igniters in
internal combustion engines. They are also favored by manufacturers because they can
withstand abuse and overcharging. However, it can’t be ignored that lead-acid batteries
still have many problems. First of all, lead-acid batteries have a service life of only a
few years, usually 300-500 cycles, and the charging efficiency is unstable between 50%95%, which is not suitable for rapid charging. On top of that, lead-acid batteries are very
unfriendly to the environment, and corrosive electrolytes need to be handled with extreme
care, which can pose a potential hazard to both humans and the environment.
1.3.2

Nickel cadmium battery (Ni-Cd) batteries

Ni-Cd batteries are also a type of rechargeable battery. Since 1899, they have evolved
from the portable sealed type that can be interchangeable with the carbon zinc dry battery
to the engine battery that can be used for backup batteries and large power, because of
their good cycle life and low temperature performance. At the same time, Ni-Cd batteries
provide high current output and they have the tolerance of being overcharged. However,
the problems of Ni-Cd batteries are also obvious. There are also environmental pollution
problems with Ni-Cd batteries. The disposal of the toxic metal cadmium greatly reduces
the environmental impact of its use. Therefore, in the European Union, Ni-Cd batteries
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are now used only to replace certain special types of equipment due to Ni-Cd batteries
environmental influence [8].
1.3.3

NiMH batteries

The NiMH battery is an improved version of Ni-Cd battery. Compared with the NiCd battery, the NiMH battery can improve the battery capacity by sacrificing part of the
cycle life and reducing the load current.There were also proofs that the oxygen could
increase the NiMH battery cycle life[9]. The memory effect of NiMH batteries is also
reduced compared with Ni-Cd batteries. At the same time, the environmental pollution of
NiMH batteries is also significantly lower than that of Ni-Cd batteries, which are labeled
as the environment-friendly batteries. As a result, nickel-metal hydride batteries have
gradually replaced Ni-Cd batteries for portable consumer use in EU. However, the problems
of nickel-metal hydride batteries can’t be ignored. As mentioned above, compared with
Ni-Cd batteries, nickel-metal hydride batteries have improved their capacity to a certain
extent, but also reduced their cycle life. At the same time, the recommended discharge
current of NiMH batteries is significantly lower than that of Ni-Cd batteries. Therefore,
Ni-Cd batteries will be weak for applications requiring high power or high pulse loads.
Both Ni-MH and Ni-Cd batteries are also affected by higher self-discharge, and the selfdischarge rate of NiMH batteries is higher than that of Ni-Cd batteries.Mechanisms of
NiMH batteries self-discharge are mentioned in following papers[10][11]. Self-discharge
changes obviously with temperature, and the lower the storage temperature, the slower
the discharge speed. Finally, memory effects are one of the problem with nickel-metal
hydride batteries.
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1.3.4

Zinc battery

Zinc batteries are also a reliable source of energy for appliances that use little power.
It is widely used in TV remote control, smoke alarm, clock and other low energy consumption equipment. Compared with the lithium metal, the zinc metal, as the negative
electrode of battery, has the superior theoretical capacity and the natural richness, so it is
widely favored and applied by people[12][13]. However, compared with lithium-ion batteries, zinc-ion batteries have the lower coulomb charge efficiency. At the same time, the
electroplating and the stripping on the negative electrode have the higher overpotential
and the greater possibility of dendrite failure.
1.3.5

Lithium battery

The kinds of the Lithium battery is able to be divided into two types: the lithium metal
battery and the lithium ion battery. The Lithium metal battery belongs to the primary
battery, which uses the lithium metal as the anode. Lithium-metal batteries are characterized by the high charge density, but also make them expensive. Lithium-metal batteries
are widely used in a variety of portable electronic devices, which can provide high power
and stable current output. As the mainstream of rechargeable batteries, lithium-ion batteries are widely used in various electrical equipments. Lithium-ion batteries have high
energy density, high voltage and long cycle life. It is lighter and smaller than other batteries in terms of battery capacity, which makes it more practical in portable electronic
devices. Lithium-ion batteries have a low self-discharge rate compared with other batteries on the market, usually losing only 2% to 3% in a month[14]. Lithium-ion batteries
can hold more power for the same amount of time not used. At the same time, lithium-
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ion batteries have almost no memory effect, meaning they do not lose their maximum
energy capacity when they are recharged after a partial discharge. However, lithium-ion
batteries also have the following problems. Firstly, lithium-ion batteries are relatively expensive compared with other types of batteries. Secondly, lithium-ion batteries are not as
robust as other rechargeable batteries, and both lithium-ion batteries and batteries need
a protective circuit to prevent the battery from being overcharged or discharged too low.
Moreover, lithium-ion batteries may explode and catch fire under the adverse conditions
of high temperature, no ventilation and large current. There have been numerous safety
accidents caused by lithium-ion battery explosions.

1.4

Chapter summary and paper scope

To sum up, the mainly research direction of batteries in the future should be the following: Firstly, the furture batteries should be convenient, environment-friendly, reusable and
safe. Furthermore, the battery performance, such as energy density, working current and
cycle life, should be taken into account. Through the analysis of the above several kinds
of batteries, it can be concluded that the metal ion batteries developed by lithium, zinc
and other metal materials have obvious advantages compared with other kinds of metal
batteries.
This paper mainly discusses and studies the advanced energy storage knowledge of zinc
and lithium materials and this paper also explores and optimizes the synthesis of zinc and
lithium metal materials. Zinc-based materials were synthesized by simple electrochemical
method. The performance of the lithium-ion battery was improved through the design and
synthesis of nanomaterials.
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CHAPTER 2 ZINC BATTERIES ELECTRODE MODIFICATION: ZINC
OXIDE FLOWER-LIKE STRUCTURE DEPOSITED ON GRAPHENE
2.1

Introduction section

With the rapid development of industry, the problem of environmental pollution has
gradually emerged. Among them, organic dye water pollution is one of the pollution problems that need to be solved. At present, researchers have carried out the certain treatment
planning for dye pollution through some aspects. For example, the use of biosorption to
remove organic pollutants[15]. The use of ultrasonic technology to treat organic dye water pollution[16]. Liquid-liquid extraction of contaminated dye wastewater by reversing
micelles followed by light treatment[17].
Many materials in zinc compounds can hold a good photocatalytic effect. A family of 2
× 2 × 2 pocket, cube-like and hierarchical microparticles, with different chemical compositions, can be utilized with many promising applications, including wastewater treatment
[18]. Zinc oxide and titanium oxide are excellent photocatalytic materials. At present,
zinc oxide and titanium oxide are combined with carbon materials to form composite materials by various methods. To a greater extent, their photocatalysis is promoted. For
instance, A novel method was developed to synthesize graphite oxide/TiO2 composites as
a highly efficient photocatalyst by in situ depositing TiO2 nanoparticles on graphene oxide
nanosheets by a liquid phase deposition[19]. ZnO-graphene nanocomposite photocatalyst
prepared by a simple one-step photochemical method[20]. Because zinc oxide is easy to
manufacture and low in price, many photocatalytic experimental studies have explored the
photocatalytic effects of the corresponding composite products of zinc oxide and other materials and have achieved good experimental results. Nanoporous ZnO and Pt / ZnO films
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were synthesized by simple spray pyrolysis and DC sputtering at different flow rates and
deposition time[21]. The ZnO and ZnO:Eu nanoparticles synthesised by forced hydrolysis,
showed good degradation of MB, reaching 100%[22].
The photocatalytic effect of zinc oxide depends on its structural properties, including morphology, particle size, chemical composition and crystallinity. According to a
large number of experiments conducted by researchers based on their structural properties, Zinc oxide nanomaterials play an important role in photocatalysis. synthesis of
ZnO nano-mushrooms (ZNM) by the solution combustion method and their effective use
as a photocatalyst for photocatalytic degradation of methyl orange [23]. Flower-shaped
concentric pencils synthesized by hydrothermal method, such as ZnO nanorod bundles,
exhibit excellent photocatalytic activity under sunlight[24]. Vertically aligned ZnO nanotubes were fabricated by etching ZnO rod arrays in aqueous solutions, which were previously developed by chemical bath deposition[25]. In a simple two-electrode deposition
device, zinc acetate and sodium thiosulfate precursors have been used for electrochemical deposition of zinc oxide sulfide (ZnOS) films for potential photovoltaic and photocatalytic applications[26]. Especially zinc oxide and carbon composites, have been obtained in many different structures, and the photocatalysis has been greatly improved
[27]. Such as ZnO nanoparticles-reduced graphene oxide (rGO) composites[28]. ZnO
decorated graphene nanocomposite[29]. ZnO microspheres-reduced graphene oxide nanocomposite[30]. ZnO@graphene composite via a chemical deposition[31]. Graphenewrapped ZnO nanospheres were prepared by a simple facile lyophilization method[32].
The flower-liked zinc oxide has excellent structural characteristics, and the composite
product of the flower type zinc oxide and the carbon material can be synthesized by the
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hydrothermal method and the chemical synthesis method and has good photocatalytic
properties.[33][34][35].
In this paper, we designed a simple and convenient electrochemical method to attach
flower-liked zinc oxide to graphene and obtained a photocatalytic material capable of fully
degrading methyl blue dye. By using a series of detection methods, such as SEM, EDX,
XRD, infrared spectroscopy and UV-vis, the structure of flower-liked zinc oxide was further
analyzed. The materials produced show good photocatalytic properties.

2.2
2.2.1

Experimental Section
Materials for synthesis

The following materials were used in this experiment: 0.05M 10ml ZnSO4 solution,
0.5M 10ml K2SO4 solution, Zinc foil (99.9%, 0.15mm), Cu foil, NMP organic solvent,
PVDF, Graphene, Polyethylene separator, small size steel spacer.
All chemicals were analytical grade without further purification before use. Deionized
water was used as the electrolyte solvent.
2.2.2

Preparation of the Zinc deposition cathode

90% of graphene with 10% of PVDF were mixed Proportionally, then the graphenePVDF mixture was put into the mortar. NMP organic solvent was added into the mixture.
Then pestle was used to grind the material for around 30 mins which can make the various
materials fully integrated. Evenly the grinded material was applied to the copper foil. After
the application, the copper-graphene foil was heated under 90°C for two hours then the
material was put into the oven for drying for about 8 hours.
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2.2.3

Preparation of the Zinc deposition anode

High purity Zinc foil (99.9% 0.15mm) was used as the anode material, the surface of
zinc foil was well sanded.
2.2.4

Preparation of the Zinc deposition electrolyte

The Electrolyte was made by the 0.05M 10ml ZnSO4 and 0.5M 10ml K2 SO4 mixture
solution.The Electrical scale was used to scale 0.0805g ZnSO4 and 0.87g K2 SO4 . Then
these materials were added in 20ml Deionized water.

2.3

Materials characterizations

The morphology and particle size of the samples were examined by scanning electron
microscopy (SEM, JEOL JSM 7600F), Powder X-ray diffraction (XRD), Energy Dispersive
X-Ray Fluorescence Spectrometer (EDX) and infrared spectra analysis (IRAffinity-1s), UVvis.

2.4

Electrochemical measurements

Deposition cell was set by the test cell (zinc&copper graphene foil). Figure 1 (A, B)
shows an electrochemical reaction device for generating zinc oxide and a description of
the deposition process of ZnO&G on Copper, respectively. The area of roundness foil was
0.97cm2 . The deposition time gradient was set from 1 min to 30mins. Setting gradient
difference as 5min s (1mins,5mins,10mins. . . 30mins example. Not include individual long
time or unique deposition.) The current density was set as 1mA cm− 2.
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Figure 1: (A) Schematic diagram of electrochemical experiment instrument.
(B) Illustration of the deposition procedure of ZnO&G on Copper.

2.5
2.5.1

Catalytic performance test steps
Preparation of dye solution concentration

Methylene blue (MB) (6µM) was dissolved in DI-water. 100 ml, first weigh 0.2mg MB,
dissolved in 100ml of deionized water, stir on the magnetic stirrer for 5-10min until the
dye is fully dissolved.
2.5.2

Preparation of dye solution Dye concentration

Take 50ml (6µm) dye solution, weigh 1mg ZnO&G composite into the solution, ultrasonic 1-5min, and then magnetically stir for 30-60min in the dark. Other 50 ml (6µM) dye
solution without ZnO&G was taken for comparative experiment.
2.5.3

Perform catalytic experiment

The dark box was opened to put the solution, turn on the light source switch to catalyze,
samples were taken every 4 minutes and end at 32 minutes.
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2.5.4

Ultraviolet–visible spectroscopy test

Each example was put under UV-VIS spectroscopy, and get the wave change of MB.

2.6
2.6.1

Characterization study
Structural properties of flower-liked structures

Figure 2 shows a special flower-shaped zinc oxide structure, A and B show the flowershaped oxidized structure under low magnification, and Figures C and D show the flowershaped zinc oxide structure under high magnification. Under the low power mirrors (A and
B), it can be observed that the flower-shaped zinc oxide structure exhibits a uniform structural distribution. The polyhedral structure of flower-shaped zinc oxide can be observed
under high magnification. Fig1C shows a separate flower-shaped zinc oxide structure,
while Fig1D shows a clustered flower-shaped zinc oxide structure.
Figure 3 shows the deposition of zinc oxide obtained under the influence of time. Figures A, B, C, D, E, and F show 1 minute, 10 minutes, 20 minutes, 25 minutes, and 30
minutes, respectively. As well as the electrodeposited image at 2 hours, significant flowershaped zinc oxide deposits were observed in the 30 minutes electrodeposition pattern
(Figure 2E), which showed zinc oxide structure images at 100nm and 1µm, respectively.
Figure 4 shows the deposition of zinc oxide obtained under the influence of current density. Figures A, B, C, and D show current density of 0.5 mA/cm2 , 1 mA/cm2 , 1.5 mA/cm2 ,
3 mA/cm2 , respectively. Significant flower-shaped zinc oxide deposits were observed in
the electrodeposition map with a current density of 3 mA/cm2 (Figure 3D).
Figure 5 shows SEM&EDX images of zinc oxide obtained at a specific current density
and time combination. Figures A, B, C, and D show SEM&EDX images at current den-
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Figure 2: SEM images of special flower-liked structure (A-D). (A,B): flower-liked structure
image at low magnification. (C,D): flower-liked structure Image at high magnification.

Figure 3: Effected by time, SEM results of ZnO deposition on Graphene layer, (A) Time:
1 mins . (B) Time: 10 mins. (c) Time: 20 mins. (D) Time: 25 mins. (E) Time: 30 mins.
(F) Time: 2h.
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Figure 4: Effect by current density(CD), SEM result of ZnO deposition on Graphene layer,
(A) CD: 0.5mA/cm2 . (B) CD: 1mA/cm2 . (c) CD: 1.5mA/cm2 . (D) CD: 3mA/cm2 .
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sity and time: A: 0.5mA/cm2 , 30mins; B: 1.0mA/cm2 , 30mins; C: 1.0mA/cm2 , 1mins;
1.5mA/cm2 , 30mins, respectively.

Figure 5: SEM&EDX result (A-D) comparison of ZnO deposition on graphene . (A) current
density: 0.5mA/cm2 time: 30mins. (B) current density: 1.0mA/cm2 time: 30mins. (C)
current density: 1.0mA/cm2 time: 1mins. (D) current density: 1.5mA/cm2 time: 30mins.

Figure 6 (A, B) shows the results of XRD&IR measurement. From the results of the
measurement, it is considered that the peak of the sample satisfies the measurement peak
of zinc oxide, and the absorption peak of the infrared absorption spectrum shows the
absorption peak of the Zn-O bond.
2.6.2

Photocatalytic result of flower-liked ZnO structures

Figure 7 (A, B) shows a comparison of the sample immediately after illumination and
a UV-vis measurement one week later, and Figure 7A is a sample after irradiation, labeled
from 4 minutes to 32 minutes, respectively. A sample plot of the sample taken once every
4 minutes. From Fig. 7A, we can observe that the sample did not immediately produce a
color change after illumination, and it can be seen from the UV-vis of Fig. 8A that methyl
blue did not degrade in each sample. However, after one week of sample observation
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Figure 6: (A) XRD result of the deposition material on graphene. (B) Infrared spectra of
the deposition material on graphene.

(Fig. 7B), it was found that methyl blue was degraded to varying degrees depending on
the irradiation time( Here, several distinct color-stratified samples were taken, which were
the control methyl blue sample, the 32-minute sample, and the 12-minute sample.). At the
same time, we used the UV-vis test to observe the discovery of the sample after one week.
Figure 8B shows that the degradation rate of methyl blue has been significantly stratified,
and the methyl blue degradation rate of the sample after 12 minutes of illumination is the
fastest, nearly 100% degradation.

Figure 7: (A) Sample collected after UV light exposure. (B) Degradation color change of
example ( Original MB, 32mins MB, 12 mins MB)
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Figure 8: (A) UV-vis absorption spectra of the methylene blue (MB) solution (test after
UV light exposure immediately) (B) UV-vis absorption spectra of the methylene blue (MB)
solution ( Test after UV light exposure a week ago)

2.7

Chapter Conclusion

The zinc oxide products attached to the graphene surface were successfully obtained by
electroplating method. Meanwhile, the possibility that the flower-like structure was zinc
oxide was further proved by SEM, EDX XRD and other characterization methods. Electrochemical plating product in order to further research and exploration for the flower zinc
oxide, the photocatalytic method was adopted, using electrochemical plating products of
photocatalytic degradation of methylene blue, through controlled trials found that electrochemical plating product success under the condition of photocatalytic degradation of
methylene blue, further proof that the electrochemical plating products of zinc oxide. The
zinc oxide synthesized by this electroplating method is simple and easy to collect. And it
has a unique flower-like structure. No matter in the zinc battery electrode or environmental protection level, flower-like zinc oxide still has immeasurable space for exploration and
utilization.

18

CHAPTER 3 LITHIUM-ION BATTERIES: THE MOST ADVANCED
BATTERY PRODUCTS
3.1

Overview

As a widely used electrochemical energy storage device, battery plays an important
role in today’s world. Batteries are mainly divided into two types: primary batteries
and secondary batteries. Primary batteries are batteries that can’t be recharged, such
as alkaline batteries, zinc air batteries, zinc carbon batteries. The secondary battery is a
rechargeable battery, which can be fully used many times. Examples include lead-acid
batteries, lithium-ion batteries, and nickel-metal hydride batteries. Among many secondary batteries, lithium-ion batteries have been widely concerned by researchers since
the 1970s. Lithium-ion batteries are used in a wide range of electrical devices, such as
mobile phones, digital cameras, laptop computers, as large as electric cars. Lithium-ion
batteries are widely used because of their high energy density, excellent cycling characteristics, no memory effect and low weight. A conventional lithium-ion battery consists
of four main parts: the cathode and anode electrode, separator, and electrolyte. Figure
9 shows the basic working principle of a lithium-ion battery. When a lithium-ion battery
discharges, electrons are released from the anode through the load and then moved to
the cathode. Similarly, inside the battery, lithium ions are released from the anode and
then moved to the cathode through the electrolyte. During charged, the electrochemical
reaction will reverse. By charging and discharging back and forth, the internal energy is
stored in the battery as chemical energy.
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Figure 9: Schematic illustration to show the basic components and the operation principle
of a Li-ion battery[1].
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3.2

Anode material

The performance of lithium-ion battery is influenced by the electrode and electrolyte.
The effect of battery anodes on lithium-ion batteries is very important, and most of the
early batteries were commercialized using these anode materials[36][37][38][39][40].
However, these commercial batteries face the safety problem of anode dendrite formation.
For battery anodes, graphite carbon is currently the preferred material for commercial
lithium ion batteries. This is firstly attributed to the layered structure of graphite carbon, which can well promote the transfer of lithium ions into and out of its lattice space
at a minimum irreversible rate, thus achieving good cyclicity[41]. There was a flurry
of research going back to the 1950s into embedding lithium ions into carbon. In 1975,
there was a study on the synthesis of LiC6 [42], and the following year, 1976, Besenhard
and Eichinger introduced the formation of LiC6 by embedding lithium ions into graphite
through reversible embedded reaction[43][44]. In 1985, Yoshino Akira assembled a battery of lithium cobalt oxide with carbon-based materials as another electrode. This battery
greatly improved the safety of the battery cycle and made the large-scale industrial production of lithium cobalt oxide play a pivotal role in commercial batteries[45].In the following
years of research, the capacity of the carbon anode is gradually approaching its theoretical
limit of 372 mAh·g−1 , which will gradually limit the use of lithium-ion batteries in future
energy storage devices. Therefore, the development and application of cathode materials
also play a vital role in the development of lithium ion batteries.
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3.3

Cathode material

In the early 1970s, research on lithium ion electrode materials was in full swing. For a
lithium ion electrode, it needs to meet the following requirements for a reversible embedded reaction: (1) The material must be crystalline. (2) Both electron and ionic conductivity
must exist at the same time for reversible lithium ion insertion and de-insertion. (3) There
must be holes in the form of isolated holes in the main lattice as one-dimensional (1D)
channels, two-dimensional layers (van der Waals gaps), or channels in a three-dimensional
network[46][47]. Many researches on cathode materials of lithium ion batteries have
emerged since the 1970s, among which LiMO2 lithium ion cathode materials are the most
representative ones[48][49][50][51][52]. With the development of the times, after 1980,
the application of LiCoO2 and LiFePO4 cathode materials in lithium ion batteries gradually opened a new era of commercial application of lithium ion batteries[53][54]. LiCoO2
is widely used in commercial lithium-ion batteries due to its excellent cycle life (> 500
cycles) and its easy assembly in the air and good stability. Although LiCoO2 electrode
material has a wide range of applications, it also exposes many of its limitations. When
the charging voltage reaches 4.2V, the structure of LiCoO2 will change obviously and the
capacity will decrease. Meanwhile, the actual capacity value is reduced to 140mAh/g[55].
At the same time, LiCoO2 materials are expensive and toxic problems. As for LiFePO4 , it has
the characteristics of low price and more friendly to the environment and more attracted
people’s attention. LiFePO4 also has good stability, cycle life and temperature tolerance
(-20 to 70°C)[56]. However, lithium iron phosphate is weak in ionic conductivity, which
also leads to relatively low capacity[57].
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3.4

Electrolyte

For lithium-ion batteries, the electrolyte needs to perform normal work in different
complex environments. As early as 1980, there were studies on polymer electrolyte[58].
Polymer electrolytes used in solid-state batteries have the advantage of using lithium as the
anode, so their theoretical energy densities are higher than those of ordinary lithium-ion
batteries that use liquid as the electrolyte. However, due to the polymer electrolyte’s weak
ionic conductivity at room temperature, commercial solid lithium-ion batteries generally
require certain temperature requirements. On the other hand, the liquid electrolyte has
good ionic conductivity but it is difficult to prevent the formation of dendrite on the surface
of lithium metal. For current commercial lithium-ion batteries, the liquid electrolyte is
dissolved in an organic solute. At present, LiPF6 , LiBF4 or LiClO4 are commonly used to
dissolve LiPF6 ,LiBF4 or LiClO4 into organic solutions, such as ethylene-carbonate, dimethyl
carbonate, and diethyl carbonate[59].

3.5

Separator

Separator is also one of the most important components of lithium-ion batteries. Most
lithium-ion batteries operate in a liquid electrolyte to prevent physical contact between
the anode and cathode and to ensure the normal transfer of lithium ions between the
electrodes. For a lithium ion battery Separator should meet the following conditions and
properties: (1) Chemical stability: The Separator material must be chemically stable with
the electrolyte and electrode material, especially in the strong reduction and oxidation
environment when the battery is fully charged. The membrane should not be degraded
and the chemical stability of the membrane can be well tested through experiments[60].
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(2) Separator needs to meet certain thickness requirements to obtain high energy density under the condition of low thickness. However, the result of low thickness may be
insufficient mechanical strength of the Separator. The current standard Separator thickness for commercial rechargeable batteries is about 25.4µm. Measurement methods of
polymer Separator thickness are listed in the following literature[61]. (3) The Separator needs to have an appropriate porosity to ensure effective ionic conductivity, but
not too high porosity. (4) The use of the Separator will increase the effective resistance of the electrolyte to a certain extent, which should not affect the electrical performance of the battery too much. Polymer separator typically increase the resistance
of the electrolyte by a factor of four to five. (5) Separator should be easily wetted in
the electrolyte to retain the electrolyte and maintain cycle life. Currently, there are several types of Separators that can be listed for lithium-ion batteries: (1·) Microporous
polymer membrane (2) non-woven fabric mat (3) Inorganic composite separator Microporous polymer membranes are widely used in commercial lithium-ion batteries which
are based on semi-crystalline polyolefin. Common microporous polymer membrane materials include polyethylene (PE)[62][63][64][65][66], polypropylene (PP)[67][68][69],
and their combinations such as high-density polyethylene[70].There are two production
methods for microporous polyolefin membrane: drying method and wetting method. The
drying process can generally be described as three steps: extrusion, annealing, and stretching. The extrusion step is generally carried out at temperatures higher than the melting
point of the polymer. In the annealing process, the precursor is annealed at temperatures slightly lower than the melting point of the polymer in order to improve the crystal structure. In the stretching time annealed film along the direction of the machine
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through cold stretching, hot stretching and relaxation and deformation. A non-woven
separator is a fiber mat that binds many fibers together by chemical, physical, or mechanical methods. Both natural and synthetic materials have separators for the synthesis of
non-woven fabrics. For natural materials, these include cellulose and its chemically modified derivatives[71][72].For synthetic materials, the categories include polyolefin[73][74],
polytetrafluoroethylene (PTFE)[75], polyvinyl chloride (PVC), polyester[76] and so on.
For inorganic composite separator or ceramic separator, it is a porous pad made of ultrafine inorganic particles bonded with a small amount of binder. Due to the high hydrophilicity and huge surface of the small inorganic particles, this separator exhibits exceptional
wettability to all non-aqueous liquid electrolytes, especially those solvents containing a
high content of cyclic carbonate. Excellent wettability allows the use of liquid electrolytes
with high PC and EC content, which is very conducive to improving the cycling stability
of lithium-ion batteries at high temperatures. Such separators are therefore easily favored
for use in large lithium-ion batteries, such as those used in electric cars.

3.6

Outlook

In recent years, the development of lithium-ion batteries has gradually entered a moderate period. The theoretical capacity of various battery materials limits the application of
lithium-ion batteries in commercial energy storage. In order to better improve the performance of lithium ion battery. Advanced research is gradually leading to the exploration of
novel composite electrode materials to develop high energy density batteries. Currently,
various two-dimensional materials have gradually attracted the attention of researchers,
such as MXenes materials: Nb2 C[77], Ti3 C2 [78][79][80], V2 C[81][82] and so on. V2 O5 is
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also an excellent two-dimensional material. The nanosheet of V2 O5 (V2 O5 NS) obtained by
the method of exfoliation has been tested in the electrode of lithium ion battery and obtained good stability and excellent cycling performance, thus showing a high performance
of lithium ion battery[83]. In the following Chapter, we will discuss in detail the performance of the composite electrode that the V2 O5 NS is combined with FeOF Nanorods as
electrode materials.
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CHAPTER 4 FEOF NANORODS DOPED ON V2 O5 NS AS A NOVEL
CATHODE MATERIAL
4.1

Introduction section

Li-ion batteries (LIBs), as one of the most potential rechargeable batteries for more
than decades, are still the focus of battery industry research. Although LIBs have made impressive progress in recent decades, there are still many problems with LIBs. For example,
the cost of energy storage per unit of LIBs is high, and it occurs degradation at relatively
high or low temperatures[84]. LIBs performance is affected by many battery internal factors. Such as the internal resistance of LIBs[85]; the electrolyte of LIBs which relate to the
formation of solid electrolyte interphase in LIBs[86][87]. Considering the extensive use of
batteries, external conditions such as temperature changes will also have a large impact
on battery performance[88]. Appropriate LIBs electrolyte can increase the overall energy
density of the battery and improve the cycling performance of the battery[89]. In addition,
one of the properties for rechargeable batteries, different properties of electrode materials directly affect the movement of lithium ions, which affects the overall performance of
LIBs[90].
Nowadays, Most commercial lithium ion cathode materials, for example, lithium cobalt
oxide material have low thermal conductivity and mechanical stability issues, and their
theoretical capacity is only about 140 mAh·g−1 in commercial battery applications. Recently, Transition metal oxyfluoride materials have attracted widespread attention as battery materials for next-generation LIBs which improved the conductivity, capacity and cycling stability[91]. The representative types of transition metal oxyfluoride using in Li-ion
batteries electrode are VO2 F[92], TiOF2 ,NbO2 F [93][94], BiOF[95] and FeOF[96]. As a
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novel cathode material for lithium ion batteries, iron oxyfluoride is attracting people’s attention which has a theoretical capacity of 885mAh/g[97]. If it’s fully convert, the reaction
of FeOF cathode materials for LIBs: FeOF+3Li→Fe0+LiF+Li2 O[97]. During lithiation,
Intercalation was observed first and then converted to lithic rock salt (Li-Fe-O-F) Structure, metal Fe and LIF phases. In the process of lithium removal, rock salt facies will not
disappear[98].
As It was reported which relate to current working on FeOF cathode materials for LIBs,
when the voltage range extended to a high range 0.7v and 4.0v, the capacity of Li/FeOF
cell shows a sharp drop within a few cycles[99]. The same problem also appears at the
development of FeOF@PEDOT cathode of LIBs, the control cell of FeOF/Li cell also shows
an obvious decay during the first few cycles[100]. Two-dimensional nanostructure, a kind
of novel storage candidate which has shown many possible applications using in LIBs cathode, has a better improving of LIBs performance, such as Lithium-storage capacity, cycling
performance and rate capability[101]. Nanostructured materials which are believed to
be a high-efficiency way to improve the poor electronic conductivity and slow Li+ diffusion efficiency[102]. Vanadium pentoxide (V2 O5 ) which has played a significant role in
the electrode work on LIBs pay more attention by people. V2 O5 has been widely used
to make with other materials composite electrodes[103].V2 O5 Nanosheet (V2 O5 NS) is
one of potential cathode candidates which could provide good structural stability. For instance, V2 O5 self-assembled nanosheets show a reversible capacity of 157.2 mAh·g−1 at
2C and 123.5 mAh·g−1 keeps after 300 cycles[102]. V2 O5 NS also has excellent low temperature performance, including speed capability, high capacity and cycle stability[104].
Several examples show the stability improvement of V2 O5 nanosheet with other compos-
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ite materials electrode. Sn-doped V2 O5 films have excellent cyclic properties. After 50
cycles, the specific capacity V2 O5 film of Sn-doped keeps 334 mAh·g−1 current density of
500 mA/g[105]. SnO2 -V2 O5 nanocomposites show excellent cycling performance, with a
capacity of 721 mAh·g−1 even after 200 cycles[106]. Cu-doped V2 O5 showed excellent
cycling performance in the subsequent cycles, providing a reversible energy density of 450
Wh/kg after 60 cycles[107]. Self-organization of Ag nanoparticles and TiO2 nanorods on
V2 O5 NS shows the specific capacity maintain 300 mAh·g−1 under current density of 100
mA/g over 100 charge/discharge cycles[108].
Herein, we report a design and facile preparation of an innovative FeOF&V2 O5 NS
compounds by a self-organization method. The synthesis of FeOF nanorods is based on
a wet-chemical method[109] while the synthesis of V2 O5 NS is based on a dissolutionsplitting method[104]. Figure 10 Shows the forming process of FeOF&V2 O5 NS. We found
that FeOF nanorod could uniformly covered around the V2 O5 NS. The prepared FeOF&V2 O5
NS compounds were tested as cathode materials for LIBs at ambient temperature. The
impressive result shows a stable cycling performance. Specific capacity could maintain
200 mAh·g−1 over 100 cycles which shows that FeOF&V2 O5 NS has a considerable future
application for Li-ion batteries.

4.2

Experimental section

Materials: FeF3 ·3H2 O (Sigma), 1-Proponal (Fisher Chemical), Vanadium oxide(V2 O5
power, Sigma), (NH4)2S2O8(Sigma), Metallic Lithium 99.9% (Sigma), Lithium hexafluorophosphate solution (in ethylene carbonate and dimethyl carbonate, 1M LiPF6 in EC/DMC
=50/50 (v/v))(Sigma), Poly(vinylidene fluoride) (PVDF)(Sigma). N-methyl pyrrolidone
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Figure 10: Schematic diagram of forming FeOF&V2 O5 NS processing

(NMP)(Sigma).
4.2.1

Synthesis of FeOF

Synthesis of FeOF used by Wet-Chemical method reported[109]. FeF3 ·3H2 O (66.8 mg)
was added to 1-propanol (32 mL) in a 45 mL Teflon reactor. The mixture was stirred for
5 minutes, then heated to 200 ° C and held at that temperature for 24 hours. The reactor
was then allowed to cool down naturally under ambient conditions. The as-prepared FeOF
solution was stored in tube for further use.
4.2.2

Synthesis of V2 O5 Nanosheets

Synthesis of V2 O5 NS used a dissolution–splitting method reported[104]. V2 O5 powder
(2.0 g) and (NH4 )2S2 O8 (24 g) were added to deionized water (160 mL). The mixture
was stirred at 50◦ C for 48 h. Figure 11 shows the stirring processing of V2 O5 exfoliation
between 0-48h. The golden-yellow precipitate was collected by filtration. The collected
materials were thoroughly washed with deionized water and freeze-dried (Figure 12). The
as-prepared (NH4 )2 V6 O16 was heated to 350◦ C for 1 h to get V2 O5 NS.
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Figure 11: Stirring Processing of V2 O5 exfoliation, (a) Before start stir (b) Stirred 24h (c)
Stirred 48h

Figure 12: (a) Materials under the freeze-dried processing. (b) As-prepared materials
(NH4 )2 V6 O16 .
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4.2.3

Self-organization of FeOF on V2 O5 nanosheets

Synthesis of FeOF on V2 O5 NS used a Self-organization process. Prepared V2 O5 NS was
dissolved in 1-propanol (15ml) , the V2 O5 NS solution was sonicated for 3h, take 15ml
as-prepared FeOF solution and sonicated it for 3h. Then mix the V2 O5 NS (15ml) and
FeOF (15ml) solution, the mixture was sonicated for 10h to make FeOF and V2 O5 NS fully
mixed together. Then the mixture was washed by Prepared FeOF&V2 O5 NS was dried in
vacuum oven under 50◦ C overnight.

4.3

Electrochemical Measurements

The as prepared FeOF@V2 O5 NS active materials and conductivity enhancer (Super-P
carbon black) were mixed at a weight ratio of 3:1. Homogeneous slurry was prepared by
mixing the 90wt% of FeOF@V2 O5 NS/Carbon black mixture and 10wt% of polyvinylidene
fluoride (PVDF) bind-er in N-methyl pyrrolidone(NMP). The slurry was applied to Al discs
as current collectors and dried in a vacuum oven at 80◦ C for 24h. 2032-type coin cells were
assembled in an argon-filled glove box using the coated Al disc as the working electrode,
metallic lithium disc as the counter electrode. 1M LiPF6 in eth-ylene carbonate (EC)/
diethyl carbonate (DEC) (v/v = 1:1) solution was used as electrolyte. and PP membrane as
the separator. The electrochemical cells were charged and discharged at room temperature
on a Neware Battery Testing system.

4.4

Material Characterization

The morphologies/structures of the products were characterized by field emission scanning electron microscopy (JSM-7600 FE SEM) and by transmission electron microscopy
(JEOL 2010 TEM instrument). Powder X-ray diffraction (XRD) was carried out with Rigaku
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X-ray diffractometer using Cu Kα radiation.

4.5

Characterization study

The crystal structure information of three different components are showed below by
XRD analysis which is provided in Figure 13. As showed from the diagram, XRD pattern
clearly shows the crystal phases of FeOF, V2 O5 NS and FeOF&V2 O5 NS. For FeOF, most
obvious phase at 2θ of 27.08◦ , 35.19◦ , 38.64◦ , 40.25◦ , 43.58◦ , 53.34◦ , 55.95◦ , 60.76◦ ,
63.39◦ and 67.69◦ could be signed at (1 1 0), (1 0 1), (2 0 0), (1 1 1), (2 1 0), (2 2 0),
(0 0 2), (3 1 0) and (1 1 2) planes of the crystal phase FeOF (JCPDS card no. 20-0529)
which indicates that FeOF is completely formed. The XRD result of V2 O5 NS is also showed
which most apparent peak at 2θ of 15.38◦ , 20.31◦ , 21.74◦ , 25.58◦ , 26.15◦ , 31.05◦ , 32.39◦ ,
34.31◦ , 41.30◦ , 45.48◦ , 47.34◦ and 51.22◦ could be indexed to the (2 0 0), (0 0 1), (1 0
1), (2 0 1), (1 1 0), (3 0 1), (0 1 1), (3 1 0), (0 0 2), (4 1 1), (6 0 0), (0 2 0) crystal
phase planes of V2 O5 NS (JCPDS card no. 65-0131) which proved that the intermediate
phase was transformed to V2 O5 NS. As for the self-organized FeOF&V2 O5 NS, the visible
peak matches the crystal phase FeOF which means the crystal phase of V2 O5 NS does not
appear, which indirectly shows that after the self-organization of FeOF and V2 O5 NS, FeOF
fully covers V2 O5 NS, resulting in the crystal phase of V2 O5 NS does not show. The results
will be further discussed in SEM analysis.
The morphology of the prepared V2 O5 NS and FeOF&V2 O5 NS was characterized by
(Figure 14) SEM. From figure 14a, 14b is the structure of V2 O5 NS at different magnification. Figure 14a is the low-magnification image of V2 O5 NS, and it can be observed that
the layered structure covers the whole area. Under the observation of high-magnification
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Figure 13: XRD pattern of FeOF, V2 O5 NS and FeOF&V2 O5 NS

in Figure 14b, the structural characteristics of V2 O5 NS can be clearly found which has
the similar morphology as previous V2 O5 NS synthesis[110]. Through careful observation,
it can be found that some of the nano layers adhere to each other in parallel, showing a
multi layered form. Figure 14c and figure 14d show the structure of FeOF and V2 O5 NS
after self-organization at different magnification. In Figure 14c, the uniform distribution
of FeOF nanorods attached on V2 O5 NS can be observed at low magnification while the
obvious FeOF nanorod structure can be observed from Figure 14d. By observing and comparing the SEM after V2 O5 NS and FeOF are attached to V2 O5 NS, it can be found that
FeOF fully encapsulates V2 O5 NS, which also explains why only the crystal phase of FeOF
is obtained during XRD analysis of FeOF&V2 O5 NS.
The electrochemical performance of prepared FeOF, V2 O5 NS and FeOF&V2 O5 NS was
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Figure 14: SEM result for V2 O5 NS and FeOF&V2 O5 NS in different magnification, (a, b)
V2 O5 NS (c, d) FeOF&V2 O5 NS

showed in Figure 15 and 16. Figure 15 shows the first three cycles of the discharge-charge
profile. For FeOF (Figure 4a) control cells, the open circuit voltage is about 2.70 V. The
range of charge and discharge voltage between 1.25 V to 2.75 V at first cycle. Then after
first cycle, the charge and discharge window maintain between 1.25V to 3.5V. For V2 O5
NS (Figure 4b) control cells, the open circuit voltage is about 3.2 V. The range of charge
and discharge voltage between 1.50 V to 3.2 V at first cycle. Then after first cycle, the
charge and discharge window maintain between 1.50 V to 3.75 V. The charge-discharge
curves from FeOF (Figure 15a) and V2 O5 NS (Figure 15b) show an obvious capacity decay
from the first cycle to the third cycle. What is distinct is the diagram of FeOF&V2 O5 NS
(Figure 15c) shows that the first cycle capacity decay which because of the irreversible
solid electrolyte interphase was formed which the initial discharge and charge capacity
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are 325.87 mAh·g−1 and 258.94 mAh·g−1 , respectively. Then the capacity keeps relatively
stable. Comparing with the FeOF and V2 O5 NS example, the FeOF&V2 O5 NS structure has
a better stability.

Figure 15: Charge–discharge profile of the first three cycles. (a) FeOF

The cycling performance of FeOF, V2 O5 NS and FeOF&V2 O5 NS at 50 mA g−1 show at
Figure 16. The FeOF and V2 O5 NS control example obvious capacity decay in the first few
cycles and this large capacity attenuation became stable after maintaining for about 20
cycles. For the FeOF&V2 O5 NS, there is no obvious capacity decay similar to FeOF and
V2 O5 NS. On the contrary, it can maintain a relatively stable specific capacity at 250 mAh
g−1 at the beginning, and it can remain higher than 200 mAh g−1 in 100 cycles. This is in
stark contrast to the change in capacity of FeOF and V2 O5 NS.

36

Figure 16: Charge–discharge profile of the first three cycles. (b)V2 O5 NS
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Figure 17: Charge–discharge profile of the first three cycles. (c) FeOF&V2 O5 NS
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Figure 18: Cycling performance. Test conditions: currents of 50 mAg−1 ; voltage window
of 1.5–4V.
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4.6

Conclusion and Discussion

In summary, we have successfully developed a novel cathode electrode by FeOF nanorods doped V2 O5 nanosheet which aims at improving the shark decay of FeOF cathode. The
prepared FeOF&V2 O5 NS shows an impressive cycling performance which not only has
stability during first several cycles but also reach a high specific capacity 200 mAh·g−1
over 100 cycles. The reason why FeOF doped V2 O5 NS could improve the electrochemical
performance could be attributed to the point that FeOF doped V2 O5 NS could stabilize
the FeOF nanorods which could provide an appropriate environment. FeOF will take the
advantage of facile Li+ intercalation/extraction by attaching on V2 O5 NS. Excellent cycle
performance of FeOF&V2 O5 NS will expand the market for the use of FeOF as a cathode
for LIBs.
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CHAPTER 5 CONCLUSION AND FUTURE PLANS
In this paper, the successful synthesis and characterization, electrochemical analysis of
advanced zinc and lithium battery materials have good performance results. The chapter
one focuses on the analysis of the battery development background and the problems faced
by several types of batteries, which leads to the research scope and objects involved in this
article. Under the premise of convenient, environmentally friendly, reusable and sustainable development, zinc and lithium battery materials stand out among the vast battery
types. The electrochemical method of using zinc element to synthesize flower-like zinc oxide is discussed in detail in Chapter 2, and the reliability of the synthesis results is verified
by SEM, XRD, and photocatalytic methods. In Chapter 3, the composition of lithium-ion
batteries is further introduced. Through the analysis of specific problems of lithium-ion
batteries, a solution to improve the electrode performance of lithium-ion batteries is proposed. In Chapter 4, V2 O5 NS was successfully mixed with FeOF through a self-organizing
method. As a result, it was more stable in cycles before mixing with the same material.
It can achieve a stable performance of 200 cycles with a capacity of 200mAh·g-1. The cycle performance of lithium-ion batteries was successfully improved by composite material
V2 O5 NS&FeOF.
For the preparation of flower-like zinc oxide structure by electrochemical method in
chapter 3, the yield of flower-like zinc oxide obtained by electrochemical method is very
few. Future research will continue to explore how to obtain more zinc oxide products by
electrochemical method. To further explore the photocatalytic performance of flower-liked
zinc oxide structure by using different environmental organic solvents which is in order to
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prove the versatility of flower-liked zinc oxide and it will prove the possibility of the use of
flower-liked zinc oxide in the future actual environmental pollution. For the FeOF&V2 O5
NS composites mentioned in chapter 4, although the stability of FeOF is improved, the
overall capacity of FeOF&V2 O5 NS composites is still far from the theoretical value, so
there is still lots of room for improvement in how to improve the capacity of FeOF&V2 O5
NS composites. Furthermore, the combination of FeOF and V2 O5 NS proves the possibility
of 2-D material for improving FeOF-based electrode materials. The idea is that FeOF can be
combined with other possible 2-D materials. The new 2-D material may further improve
the cycling performance of FeOF-based electrode materials compared with V2 O5 NS.
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Environmental pollution and energy crisis are two of the major obstacles in the development of a more sustainable society. It is an interesting but technically challenging task
to design novel methods for the facile and scalable synthesis of multifunctional materials
for applications in both energy storage and environmental remediation. In this thesis, I
tried to design and synthesize novel nanostructured materials for energy and environmental applications, achieved highly promising results. I developed a facile electrochemical
approach to synthesize the zinc oxide with the zinc element for photocatalytic reactions.
It demonstrated dramatically improved performances in degradation of organic pollutant
in water, using a dye as a model. In another effort, I tried to develop integrated electrode
materials for highly stable and high-energy cathodes for lithium batteries. The as-prepared
Fe-V based cathode materials can be cycled over 100 cycles delivery a relatively high capacity of 200 mAh/g. The encouraging results revealed that further research should be
carried out.
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